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Abstract The aroma profile of raw truffles, of truffle sauces,
and of natural and artificial truffle flavored oils made from or
made to imitate Tuber magnatum, Tuber melanosporum, and
Tuber aestivum was characterized by solid-phase
microextraction-gas chromatography-mass spectrometry
(SPME-GC-MS). Both naturally and artificially made oils were
not only mainly dominated by bis(methylthio)methane
(BMTM), a marker compound typical of white truffle, but also
found in most of the oil samples flavored with black truffle.
BMTM was not detected or detected in low amounts in black
truffles but was very high in sauces (59.74–77.691%); instead,
1-octen-3-ol was high in truffles (35.227–75.208%) but low in
sauces. Along the same lines, terpenoid compounds such as α-
cubebene, copaene, caryophyllene, α-caryophyllene, and α-
farnesene were not detected at all in T. aestivum raw truffle
but were present in most truffle sauces. Thus, it was found that
neither the natural nor the artificial truffle oil samples adequate-
ly replicated the aromas of the species of truffle examined, and
this was confirmed by principal component analysis (PCA).
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Introduction
Truffles (Tuber spp.) are part of the ascomycota phylum
of the fungi kingdom and they are found underground,
growing as symbionts with specific trees by forming
ectomycorrhizae (Gioacchini et al. 2008). They are high-
ly prized by local people and food connoisseurs world-
wide for the unique aromas they add to dishes. However,
their cultivation is hard to control and depends on many
factors, such as soil conditions, temperature, humidity,
and the surrounding flora and fauna (March et al.
2006), and consequently, truffles are among the most
expensive foodstuffs in the world, costing as much as
600€ to 6000€ per kilogram (Wang and Marcone 2011).
Tuber magnatum (white truffle) is considered to have the
most complex aroma and is thus more expensive than
Tuber melanosporum (black truffle) and Tuber aestivum
(summer truffle), the latter being the least flavorful and
most readily available truffle (Diaz et al. 2003). These
three most common truffles in Europe are found mainly
in Mediterranean regions, notably Italy, France, and
Spain (Culleré et al. 2010; Diaz et al. 2002), and they
are also the most studied (Wang and Marcone 2011).
Other truffles worth mentioning include a ‘whitish’ truf-
fle from Italy, Tuber borchii; two black truffles, Tuber
indicum (Chinese truffle) and Tuber brumale; and desert
truffles such as Terfezia and Tirmania (Wang and
Marcone 2011). All Tuber spp. have been studied for a
variety of reasons ranging from their nutritional compo-
sition to anti-microbial, anti-viral, anti-inflammatory, and
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anti-oxidant activities, but most studies have focused on
the aromas of truffles (Wang and Marcone 2011).
Truffles have a characteristic aroma, but it is subject to
variations because of such factors as the geographical
origin, maturity, hydration, and storage conditions of
the truffle (March et al. 2006). Also, the distinctions in
the aromas of various subspecies can be attributed to the
predominance of different compounds. For example,
dimethylsulfide (DMS) has been identified in white,
black, and summer truffles (Gioacchini et al. 2008;
Culleré et al. 20105), with 2- and 3-methylbutanal char-
acteristic of T. melanosporum and β-phenylethanol char-
acteristic of T. aestivum (Wang and Marcone 2011). A
key compound in the a roma of whi t e t ru f f l e
(T. magnatum) is bis(methylthio)methane (BMTM) (also
known as 2,4-dithiapentane). Producers were quick to
use this compound as flavoring in truffle oil and various
flavored food products because it is inexpensive, soluble,
and stable, with highly effective olfactory characteristics
and persistence, as well as low toxicity. In fact, although
it was correctly identified as the characteristic aroma of
white truffle (T. magnatum), producers used it in abnor-
mal amounts to strengthen the aroma of products made
from or in imitation of other truffle species, such as
T. melanosporum and T. aestivum, which are character-
ized by completely different aromas. Since aromas are
made of volatile organic compounds, the headspace-
solid-phase microextraction-gas chromatography-mass
spectrometry (HS-SPME-GC-MS) technique has proved
useful in their identification (Kataoka et al. 2000;
Splivallo et al. 2010; Kitson et al. 1996). Several studies
reported the use of GC-MS as a sensitive technique to
assess the aromas and composition of truffles from dif-
ferent geographic areas (Bellesia et al. 1996; Bellesia
et al. 1998; Gioacchini et al. 2005) or even to identify
a species in an effort to fight fraud (Diaz et al. 2002;
Gioacchini et al. 2005). GC-MS has also been used to
differentiate between natural and artificial truffle prod-
ucts (Pacioni et al. 2014). Products such as truffle oils
and sauces have been developed to preserve the volatile
aromas of truffle and also to get the most out of the
truffle. Truffle oils can be made artificially with addition
of a number of compounds to try to replicate the aromas
of a truffle, or they can be made naturally, for example,
by infusing the oil with truffle (but not only). Sauces,
instead, consist of chopped up mushrooms of another
genus, Agaricus bisporus, being the most common oil,
a small percentage of truffle (typically around 1% of the
ingredients), and almost always added flavorings. Since
artificially flavored truffle sauces and oils cost much less
to produce than natural truffle products, they can be
marketed at unbeatable prices and hence can be pur-
chased by a wider clientele. In the EU, artificially
flavored truffle products are regulated by EU laws EC
2000/13 (Directive 2000/13/EC of 20 March 2000), EC
1334/08 (Regulation no. 1335/2008 of 16 December
2008) and EC 1169/2011 (Regulation no. 1169/2001 of
25 October 2011), which state that the name and list of
ingredients must not mislead a consumer and that the
flavorings added must be safe for human use. However,
it has been found that manufacturers of truffle flavored
oils have been using combinations of flavorings that do
not correspond to the type of truffle stated on the label
(Pacioni et al. 2014). Also, there have been concerns
over the safety of certain of these flavorings. The aromas
of truffle oils have been the subject of only two past
papers, one of which studied their composition while
the other authenticated prized truffles in products
(Pacioni et al. 2014; Rizzello et al. 2012). Truffle sauces,
instead, have not been featured in any works. Given this
dearth of studies on the aromas of truffle-based products,
the present work examined a wide variety of natural and
artificial truffle flavored oils to identify molecules char-
acteristic of a truffle species (white T. magnatum, black
T. melanosporum, and summer T. aestivum) and used
these results to assess how well these products mimic
the aromas of raw truffle in order to provide information
that can help producers optimize their products and con-
sumers as well. The study analyzed the three species of
truffles themselves, natural and artificial truffle oils made
from or in imitation of truffle species and, finally, sauces
made from T. aestivum, since the latter are the most
widely consumed and readily available truffle products
in supermarkets in Italy and Europe, yet, to date, have
not been the subject of scientific analyses. To our best
knowledge, no previous study has examined such a va-
riety of truffle products.
Materials and Methods
Samples
A total of 20 samples were analyzed (Table 1). Samples
1–6 regard T. magnatum (white truffle) itself, as well as
three natural and two artificial white truffle oils. Samples
7–12 concern T. melanosporum: one is a sauce, two sam-
ples are natural truffle oils, and three samples are artificial
oils. Samples 13–20 are from T. aestivum: two of them are
the summer truffles, one from an important Italian truffle
company (Urbani Tartufi S.r.l., Sant’Anatolia di Narco,
Perugia, Italy) and the other from a local supermarket,
and six of them are sauces. Samples 1, 2, 3, 5, 8, 9, 10,
and 13 were also provided by Urbani Tartufi S.r.l., while
the others were purchased from local supermarkets in
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Camerino, Italy. All sauces used olive oil except sample
17, which used corn oil.
Chemicals
A divinylbenzene/carboxen/polydimethylsiloxane (DVB/
CAR/PDMS) Stable Flex fiber of 50/30 μm was purchased
from Supelco, USA and used for the HS-SPME.
SPME
For every SPME analysis, 1 g of sample with 500 μL of
water (purified with the Milli-Q system) was measured into
a vial (20 mL), and a magnetic stirrer was added. A PTFE-
silicon septum was used to close the vial and make it airtight.
The vial was heated under stirring at around 1300 rpm, the
temperature was 60 °C, and the equilibrium was reached after
15 min. The fiber was then exposed to the headspace of the
sample for 13 min. Once the extraction time had ended, the
fiber was removed from the vial and placed in the injection
port of the gas chromatogram. A desorption time of 15–
20 min with the injection temperature of 260 °C was adequate
to desorb most of the analytes from the fiber in all conditions.
After desorption from the fiber, the extract was directly trans-
ferred to the analytical column. The fibers were cleaned daily
to prevent contamination. Cleaning was done by performing
a blank GC-MS run with the same conditions mentioned
above (Diaz et al. 2002).
GC-MS Analysis
A gas chromatograph and mass selective detector were used in
combination (Agilent, Santa Clara, CA, USA; Agilent 6890N
along with Agilent 5973N), and the separation was performed
on an HP-5MS column of 5% phenylmethylpolysiloxane, the
dimensions of which were 30 m length × 0.25 mm id, 0.1 μm
film thickness (J&W Scientific, Folsom, CA, USA). An
AgilentChem workstation was used for the GC-MS system.
The flow rate of helium was 1 ml min−1 in splitless mode and
the injector temperature was 260 °C. The column temperature
program began at 40 °C (5 min) then increased to 200 °C at
5 °Cmin−1, and then 200 °C for 2 min. The mass spectrometer
used the electron impact (EI) mode with an ionization voltage
of 70 eV, and the scan ion monitoring (SCAN) mode to pro-
duce the spectra of the separated compounds. A mixture of
alkanes (C5-C30) (Sigma, Milan, Italy), diluted in hexane, was
loaded onto the SPME fiber via the headspace technique and
injected at the above temperature programs to calculate the
retention indices (Kovats indices) of each compound. Peak
assignment of the chromatograph was based on the computer
matching of the mass spectra with the WILEY275, NIST 08,
and ADAMS libraries; a matching quality of over 60% was
accepted. It also took into account the retention indices of the
analyzed compounds compared with those reported by the
NIST 08 library (NIST 08 2008). This was done in accordance
to the standards from the International Organization of the
Flavor Industry (IOFI 2012) statement. The relative amounts
Table 1 Description of the 20
samples analyzed Number Common name Truffle species Typology of product Supply
1 White truffle Tuber magnatum Truffle Company
2 T. magnatum Natural truffle oil Company
3 T. magnatum Natural truffle oil Company
4 T. magnatum Natural truffle oil Supermarket
5 T. magnatum Artificial truffle oil Company
6 T. magnatum Artificial truffle oil Supermarket
7 Black truffle Tuber melanosporum Sauce Supermarket
8 T. melanosporum Natural truffle oil Company
9 T. melanosporum Natural truffle oil Company
10 T. melanosporum Artificial truffle oil Company
11 T. melanosporum Artificial truffle oil Supermarket
12 T. melanosporum Artificial truffle oil Supermarket
13 Summer truffle Tuber aestivum Truffle Supermarket
14 T. aestivum Truffle Company
15 T. aestivum Sauce Supermarket
16 T. aestivum Sauce Supermarket
17 T. aestivum Sauce Supermarket
18 T. aestivum Sauce Supermarket
19 T. aestivum Sauce Supermarket
20 T. aestivum Sauce Supermarket
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of volatile compounds, in percentages, were calculated by
dividing the area of the gas chromatogram peak of each com-
ponent by the total of the area of all components under the
conditions given above. Data were analyzed by using MSD
ChemStation software (Agilent, version G1701DA D.01.00).
PCA
In order to understand the relationships among different truffle
samples and to determine the main constituents influencing
the chemical variability, a covariance data matrix composed of
20 samples and 131 variables was prepared and subjected to
principal component analysis using STATISTICA 7.1 (Stat
Soft Italia S.r.l., Vigonza, Italy). Before analysis, values of
variables were normalized and missing data were replaced
for the purpose by 0.01%. Eigenvalues were calculated and
score and loading plots including both truffle samples and
volatile constituents were generated.
Results and Discussion
Method Validation
Repeatability can be expressed using the coefficient of varia-
tion (CV) % obtained performing the HS-SPME-GC-MS
analyses in triplicate. In this study, the coefficient of variation
for the analyses of the various products ranged from 0.47 to
6.81% for T. magnatum , from 1.37 to 7.11% for
T. melanosporum, and from 2.27 to 6.86% for T. aestivum
products. The inter-day repeatability of the HS-SPME-GC-
MS method was determined by 3-day replicate analyses of
volatiles, evaluated on the same aliquot at the same condi-
tions; the CV% ranged from 1 to 3.9%, accounting for very
high constant results in the stability of truffle products. The
quality of the mass spectra matches between the analyzed
compounds and the reference spectra included in the GC li-
braries was, in most cases, high, and we only took compounds
with a match quality above 60%. The quality of the alkane
mixture run through the HS-SPME-GC-MS system did not
enable the calculation of the Kovats indices for compounds
with retention times under 1.628 min or over 30.457 min.
Hence , t he iden t i f i c a t i on o f thes e compounds
(dimethylsulfide, 2-methyl-1,3-butadiene, 2-methylpropanal,
tributyl acetylcitrate, n-hexadecanoic acid, octadecanoic acid,
bis(2-methylpropyl)ester-1,2-benzenedicarboxylic acid,
dibuthylphtalate) only relied on the quality of the match of
their mass spectrum to a reference and on their retention time
compared to that in other samples analyzed here. Apart from
dimethylsulfide, all the other compounds are present in very
low percentages. In all cases, the Kovats index calculated was
very close to the values reported in the literature; in most
cases, the match quality was very high (match quality around
85–99%); thus, the compounds were correctly identified.
White Truffle (T. magnatum)
A total of 62 different volatile organic compounds (VOCs)
were identified in white truffle and white truffle oils
(Table 2). There were 21 VOCs identified in white truffle,
whereas 17, 9, and 8 were found in natural truffle oil samples
2, 3, and 4, respectively. Instead, 7 and 13 different VOCs
were found in the artificial truffle oils (samples 6 and 5, re-
spectively). The percentage of the total compounds identified
in the six samples analyzed ranged from 57.2 to 99.53%.
Compounds indicated in the literature as characteristic of
T. magnatum (Gioacchini et al. 2008; Wang and Marcone
2011; Bellesia et al. 1996) and also identified in our
T. m a g n a t u m s a m p l e ( 1 ) w e r e a s f o l l o w s :
b is (methyl th io)methane (BMTM), 1-oc ten-3-ol ,
dimethylsulfide, and methyl (methylthio)methyl disulfide.
From a semiquantitative point of view, the major compounds
detected in white truffle (sample 1) were BMTM (67.335%),
1-methoxy-3-methylbenzene (9.051%), 3-hydroxy-2-
butanone (7.583%), and dimethylsulfide (2.956%). Instead,
1-octen-3-ol (0.091%) and methyl (methylthio)methyl disul-
fide (0.05%) were present in low percentages. Terpenoid com-
pounds such as D-limonene, caryophyllene, α-pinene, and
others, detected in T. magnatum (Gioacchini et al. 2008), were
instead not detectable in our white truffle sample. This may be
due to many factors such as geographical origin, maturity, or
storage conditions of the truffle.
Comparison Between Raw Truffle and Natural Truffle
Oils (T. magnatum)
The compounds present in sample 1 (the white truffle) and
common to natural truffle oil samples were DMS (40.412%
in sample 2, 18.571% present in sample 3, not detected in
sample 4), BMTM in low percentages in samples 3 and 4
(0.895–2371%) but not present in sample 2, 1-octen-3-ol de-
tected only in sample 2 in very different quantities (46.594%),
and 2-octenal detected only in sample 2 (1.162%) (Table 2).
Thus, sample 2 was rich in 2-octenol (12.077%) and terpe-
noids such as eugenol (12.94%), β-elemene (0.151%),
caryophyllene (1.224%), α-caryophyllene (0.362%),
alloaromadendrene (0.125%), and others. In sample 3, we
found octane (26.379%) and D-limonene (5.448%), while in
sample 4, we observed hexanal (20.48%), 2-hexenal
(6.939%), and 1-octene (2.846%), but no terpenoids other
than cis-ocimene (0.541%). To summarize, characteristic
aromas such as BMTM were found in some of the natural
white truffle oil samples (3 and 4) but in low quantities. On
the contrary, when DMS was present, it was found in higher
quantities in the natural truffle oils rather than in the truffle
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Table 2 Volatile components identified in withe truffle (Tuber magnatum) products and related percentages of area values obtained using the
PDMS/DVB/CAR fiber in the HS-SPME-GC-MS analysis
No. Componenta Calc. RI Lit.RI Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Area value %b
1 Dimethylsulfide – – 2.956 20.412 18.571 n.d. 36.95 n.d.
2 2-Methyl-1,3-butadiene – – n.d. n.d. n.d. 48.058 n.d. n.d.
3 Ethyl acetate 619 596 n.d. n.d. n.d. n.d. n.d. 7.893
4 3-Methyl-1-butanol 713 713 n.d. n.d. n.d. n.d. 48.90 n.d.
5 3-Hydroxy-2-butanone 714 678 7.583 n.d. n.d. n.d. n.d. n.d.
6 1-Octene 768 770 n.d. n.d. n.d. 2.846 n.d. n.d.
7 Hexanal 783 790 n.d. n.d. n.d. 20.48 n.d. n.d.
8 Octane 796 800 n.d. n.d. 26.379 n.d. n.d. n.d.
9 Butanoic acid ethyl ester 803 794 n.d. n.d. n.d. n.d. n.d. 11.476
10 2-Hexenal 855 850 n.d. n.d. n.d. 6.939 n.d. n.d.
11 Butanoic acid 869 869 n.d. n.d. n.d. n.d. n.d. 0.71
12 Bis(methylthio)methane 889 889 67.335 n.d. 2.371 0.895 n.d. 52.833
13 Butanoic acid propyl ester 903 880 n.d. n.d. n.d. n.d. n.d. 1.092
14 α-Pinene 940 941 n.d. n.d. n.d. 0.477 n.d. n.d.
15 Benzaldehyde 980 979 n.d. 0.864 n.d. n.d. n.d. 4.89
16 1-Octen-3-ol 981 981 0.091 46.594 n.d. n.d. 3.214 n.d.
17 6-Methyl-5-hepten-2-one 983 985 n.d. n.d. n.d. n.d. 4.604 n.d.
18 3-Octanol 1010 989 n.d. 0.29 n.d. n.d. n.d. n.d.
19 2-Acetyl-5-methylfuran 1011 1004 0,565 n.d. n.d. n.d. n.d. n.d.
20 1-Decene 1013 993 n.d. n.d. 1.172 n.d. n.d. n.d.
21 2-Octanone 1016 974 0.069 n.d. n.d. n.d. n.d. n.d.
22 Decane 1023 1000 0.205 n.d. n.d. n.d. n.d. n.d.
23 Octanal 1025 982 n.d. n.d. n.d. n.d. n.d. 1.06
24 1-Methoxy-3-methylbenzene 1038 1008 9.051 n.d. n.d. n.d. n.d. n.d.
25 2-Octenol 1040 1041 n.d. 12.077 n.d. n.d. n.d. n.d.
26 D-Limonene 1043 1044 n.d. n.d. 5.488 n.d. n.d. n.d.
27 cis-Ocimene 1044 1053 n.d. n.d. n.d. 0.541 n.d. n.d.
28 Benzeneacetaldehyde 1059 1048 0.115 n.d. n.d. n.d. n.d. n.d.
29 1-Octanol 1071 1072 n.d. n.d. n.d. n.d. 1.024 n.d.
30 2-Octenal 1073 1074 0.13 1.162 n.d. n.d. n.d. n.d.
31 2,4-Dimethyl-decane 1084 1086 n.d. n.d. 0.275 n.d. n.d. n.d.
32 2-Nonanone 1096 1074 0.378 n.d. n.d. n.d. n.d. n.d.
33 Nonanal 1106 1128 0.074 n.d. n.d. n.d. n.d. 1.55
34 2,6-Dimethyl-2-octanol 1114 1088 0.265 n.d. n.d. n.d. n.d. n.d.
35 Methyl (methylthio)methyl disulfide 1120 1097 0.05 n.d. n.d. n.d. n.d. n.d.
36 5-Methyl-undecane 1126 1159 n.d. n.d. 0.713 n.d. n.d. n.d.
37 Triisopropyl-S-trioxane 1137 1138 n.d. n.d. n.d. n.d. 0.623 n.d.
38 Camphor 1140 1141 0.072 n.d. n.d. n.d. n.d. n.d.
39 4-Terpineol 1172 1179 n.d. 0.064 n.d. n.d. n.d. n.d.
40 α-Terpineol 1177 1179 n.d. 0.039 n.d. n.d. n.d. n.d.
41 1-Dodecene 1190 1192 n.d. n.d. 0.774 n.d. n.d. n.d.
42 2-Decanone 1193 1170 0.317 n.d. n.d. n.d. n.d. n.d.
43 Dodecane 1198 1200 0.08 n.d. 1.462 n.d. n.d. n.d.
44 Octyl acetate 1199 1199 n.d. n.d. n.d. n.d. 0.341 n.d.
45 2,4-Decadienal 1324 1320 n.d. n.d. n.d. n.d. n.d. 0.338
46 Ethyl ester benzenepropanoic acid 1354 1350 n.d. n.d. n.d. n.d. n.d. 3.718
47 Eugenol 1359 1370 n.d. 12.94 n.d. n.d. n.d. n.d.
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itself. Studies have indicated that both BMTM and DMS are
characteristic of the aromas of white truffle (Gioacchini et al.
2008;Wang andMarcone 2011; Bellesia et al. 1996). No other
sulfur compounds were found in the oils, nor any other char-
acteristic compounds of white truffle aroma indicated in the
literature (Gioacchini et al. 2008; Wang and Marcone 2011;
Bellesia et al. 1996). Thus, the composition of these natural
truffle oil samples differed significantly from that of the white
truffle itself.
Comparison Between Raw Truffle and Artificial Truffle
Oils (T. magnatum)
No compounds were common to both artificial truffle oil
products (Table 2), perhaps because sample 5 was provided
directly by Urbani Truffles while sample 6 was purchased in a
local supermarket. In sample 5, the major compounds were 3-
methyl-1-butanol (48.90%) and DMS (36.95%). The main
compounds in sample 6, instead, were BMTM (52.833%)
and ethyl ester butanoic acid (11.476%). Compounds com-
mon to samples 1 and 5 were as follows: DMS (2.956 and
36.95%, respectively) and 1-octen-3-ol (0.091 and 3.214%
respectively). Compounds common to samples 1 (raw truffle)
and 6 were BMTM (the percentage is very close) and nonanal
(0.074% in truffle and 1.55% in oil). The aromatic profile of
the oils, once again, was not very similar to that of the raw
truffle. The main compounds identified have been previously
found in white truffles (Wang and Marcone 2011; Splivallo
et al. 2010), but the amounts that each contributes to the over-
all aromas were quite different from the raw truffle. In fact, the
aromatic profile of sample 5 was more characteristic of black
truffles due to the absence of BMTM and the presence of
DMS and 3-methyl-1-butanol in high quantities, while the
aromatic profile of sample 6 was dominated by BMTM (as
for white truffle) but without the presence of many other com-
pounds (Diaz et al. 2003; Culleré et al. 2010; Bellesia et al.
1998).
Comparison Between Natural Truffle Oils and Artificial
Ones (T. magnatum)
VOCs that are common to both types of oil were DMS and
BMTM, which were found in much larger quantities in the
artificial samples, and 1-octen-3-ol, which was present only in
samples 2 (46.594%) and 5 (3.214%) (Table 2). There were no
other common compounds found in both natural and artificial
truffle oil samples. Some volatiles already quantified in fla-
vored olive oil samples (Pacioni et al. 2014) were 3-methyl-1-
butanol (not detected—80.8 μg/kg), nonanal (not detected—
5.47 μg/kg), 2-hexenal (3.38–1737 μg/kg), methyl
Table 2 (continued)
No. Componenta Calc. RI Lit.RI Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Area value %b
48 β-Elemene 1389 1400 n.d. 0.151 n.d. n.d. n.d. n.d.
49 Benzene-1,2-dimethoxy-4-(2-propenyl) 1405 1405 n.d. 2.704 n.d. n.d. n.d. n.d.
50 Caryophyllene 1417 1421 n.d. 1.224 n.d. n.d. n.d. n.d.
51 α-Caryophyllene 1452 1453 n.d. 0.362 n.d. n.d. n.d. n.d.
52 Alloaromadendrene 1460 1460 n.d. 0.125 n.d. n.d. n.d. n.d.
53 β-Selinene 1486 1486 n.d. 0.172 n.d. n.d. n.d. n.d.
54 α-Selinene 1495 1496 n.d. 0.255 n.d. n.d. n.d. n.d.
55 Cadinene 1424 1425 n.d. 0.095 n.d. n.d. n.d. n.d.
56 Undecanone 1304 1302 0.765 n.d. n.d. n.d. n.d. n.d.
57 3-Butyldihydro-2(3H)-furanone 1367 1377 0.138 n.d. n.d. n.d. n.d. n.d.
58 Bis(2-methylpropyl) ester
1,2-Benzenedicarboxylic acid
1820 1819 0.805 n.d. n.d. n.d. n.d. n.d.
59 Dibutyl phthalate 1908 1909 0.254 n.d. n.d. n.d. n.d. n.d.
60 n-Hexadecanoic acid 1972 1972 n.d. n.d. n.d. n.d. n.d. 0.121
61 Hexadecanoic acid ethyl ester 1973 1966 n.d. n.d. n.d. n.d. n.d. 0.934
62 Ethyl oleate 2171 2161 n.d. n.d. n.d. n.d. n.d. 0.783
Match quality range (%) 63–97 90–99 64–97 83–97 70–97 61–94
Number of identified compounds 21 17 9 8 7 13
Total identified (%) 91.5 99.53 57.2 80.23 95.66 87.48
n.d. indicates not detected (area value below 500)
a Compounds are listed in order of their calculated RI; percentage values are means of three determinations
b Relative standard deviations % ranged from 0.47 to 6.81%
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(methylthio)methyl disulfide (not detected—2.81 μg/kg), and
D-limonene (not detected—15.17 μg/kg), together with the
more common DMS and BMTM (Pacioni et al. 2014). In
our study, only the last four were identified in our white truffle
oil samples (Gioacchini et al. 2008).
To conclude, both naturally and artificially made truffle oils
failed to capture the complexity and entirety of white truffle
aromas and sample 5 even seemed to even mimic the profile
of black truffle.
Black Truffle Sauce (T. melanosporum)
One sauce, two natural truffle oils, and three artificial ones
were analyzed by HS-SPME-GC-MS. A total of 58 different
VOCs were identified in the black truffle sauce and in the
different truffle oils flavored with T. melanosporum
(Table 3). Twenty-two VOCs were identified in the sauce:
15 and 10 VOCs were found in sample 8 and 9 (natural truffle
oils), whereas 14 and 11 were found in artificial truffle oils,
samples 11 and 12. The percentage of total compounds iden-
tified in the analyzed six samples ranged from 51.32 to
99.71%.
The sauce made from T. melanosporum (sample 6)
contained many compounds that are characteristic of
T. melanosporum (Diaz et al. 2003), such as DMS (1.768%),
2-butanone (0.663%), 1-octen-3-ol (6.372%), 3-octanone
(2.001%), 3-octanol (3.296%), and nonanal (0.439%)
(Culleré et al. 2010). However, it was strange to find that this
sample contained a high percentage of BMTM (69.496%), as
this compound is typical of white truffle. Some terpenoid
compounds such as α-pinene (0.163%), copaene (0.098%),
and apiol (0.142%) were also detected. From a chemical point
of view, the flavor of the sauce did not seem to fully corre-
spond to the species of truffle declared on the label. This may
well be an example of the misleading practice of using
BMTM to flavor black truffle products (Pacioni et al. 2014).
Comparison Between Truffle Sauce and Natural Truffle
Oils (T. melanosporum)
The natural truffle oils (samples 8 and 9) made from black
truffle did not seem to have as many characteristic aromas as
the sauce (Table 3). The aroma profile of sample 8 was dom-
inated by DMS (45.08%) and eugenol (34.18%), with low
percentages of many terpenoids: caryophyllene (3.829%), α-
caryophyllene (1.109%), alloaromadendrene (0.361%), β-
selinene (0.523%), α-selinene (0.673%), and cadinene
(0.291%). Not only was this particular aroma profile very
different from that of the sauce, but it did not even appear to
be typical of T. melanosporum truffle (Diaz et al. 2003;
Culleré et al. 2010). On the other hand, in sample 9, even if
the percentage of total aroma identified was quite low
(51.32%), we detected many compounds characteristic of T.
melanosporum truffle (Diaz et al. 2003), such as 2-methyl-1-
propanol (5.553%), 2-methylbutanal (0.703%), and 2-methyl-
1-butanol (10.251%). Octane (4.509%) and D-limonene
(17.245%) were also detected in high amounts.
Comparison Between Truffle Sauce and Artificial Truffle
Oils (T. melanosporum)
The comparison of the volatile profile of the three artificial
truffle oil samples (10, 11, 12) displayed branded differences
(Table 3). Samples 11 and 12 seemed to mimic the aroma of
the sauce quite well, displaying the same high percentage of
BMTM (50.881–71.419%, respectively) and DMS (4.037–
1.027%, respectively) and the same low percentage of nonanal
(0.307–1.341%). Sample 11 was even more similar to the
sauce (sample 7) compared to sample 12, showing more vol-
atiles in common but in different percentages, such as 2-
butanone (5.789%), dimethyl sulfoxide (1.566%), 1-octen-3-
ol (0.190%), and caryophyllene (0.135%). Although samples
11 and 12 contained some volatiles already detected in
T. melanosporum and characteristic of this truffle species such
as DMS, 2-butanone, and nonanal, among others, the high
percentage of BMTM made them different from the aroma
profile of black truffle. Sample 10 differed from samples 7
(sauce), 11, and 12, as its volatile profile was mainly charac-
terized by DMS (40.898%) 3-methyl-1-butanol (53.728%),
and 6-methyl-5-hepten-2-one (2.778%), quite atypical com-
pared to those expected for T. melanosporum products.
Comparison Between Natural and Artificial Truffle Oils
(T. melanosporum)
The natural truffle oils and the artificial ones were quite dif-
ferent, especially in the percentage of BMTM, which was
found in high amounts in the artificial truffle oils (samples
11 and 12) and in that of 2-butanone (5.789% in sample 11,
9.089% in sample 12, but not detected in natural truffle oils).
The aroma profile of sample 10 was not so different from that
of sample 8 in terms of DMS (40.898 and 45.08%, respective-
ly), and from samples 8 and 9 in terms of BMTM, which was
not detected in these truffle oil products. The high percentage
of 3-methyl-1-butanol and 6-methyl-5-hepten-2-one
(2.778%) in sample 10 distinguished this sample from all the
others. On the other hand, samples 8 (natural truffle oil) and 11
(artificial ones) had in common DMS (45.08–4.037%), di-
methyl sulfoxide (1.513–1.566%), caryophyllene (3.829–
0.135%), eugenol (34.18–0.383%), and α-caryophyllene
(1.109–0.016%), even if most of them were present in differ-
ent amounts. Sample 9 (natural truffle oil) had no compounds
in common with the three artificial truffle oil samples and the
other natural truffle oils (sample 8).
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Table 3 Volatile components identified in black truffle (Tuber melanosporum) products and related percentages of area values obtained using the
PDMS/DVB/CAR fiber in the HS-SPME-GC-MS analysis
No. Componenta Calc. RI Lit. RI Sample 7 Sample 8 Sample 9 Sample 10 Sample 11 Sample 12
Area value %b
1 Dimethylsulfide – – 1.768 45.08 n.d. 40.898 4.037 1.027
2 2-Butanone 610 560 0.663 n.d. n.d. n.d. 5.789 9.089
3 Dimethyl disulfide 618 620 n.d. n.d. n.d. n.d. 0.095 n.d.
4 2-Methyl-1-propanol 623 622 n.d. n.d. 5.553 n.d. n.d. n.d.
5 2-Methylbutanal 660 659 n.d. n.d. 0.703 n.d. n.d. n.d.
6 3-Methyl-1-butanol 713 713 n.d. n.d. n.d. 53.728 n.d. n.d.
7 2-Methyl-1-butanol 733 736 n.d. n.d. 10.251 n.d. n.d. n.d.
8 Octane 796 800 1.131 n.d. 4.509 n.d. n.d. n.d.
9 Furfural 839 794 0.192 n.d. n.d. n.d. n.d. n.d.
10 Dimethyl sulfoxide 841 840 n.d. 1.513 n.d. n.d. 1.566 n.d.
11 Allyl sulfide 847 849 n.d. n.d. n.d. n.d. 13.328 n.d.
12 2-Hexenal 855 850 n.d. n.d. n.d. n.d. n.d. 0.298
13 Bis(methylthio)methane 889 889 69.496 n.d. n.d. n.d. 50.881 71.419
14 α-Pinene 941 941 0.163 n.d. n.d. n.d. n.d. n.d.
15 Benzaldehyde 978 979 1.36 n.d. n.d. n.d. n.d. n.d.
16 1-Octen-3-ol 981 981 6.372 n.d. n.d. 1.344 0.190 n.d.
17 6-Methyl-5-hepten-2-one 984 976 n.d. n.d. n.d. 2.778 n.d. n.d.
18 α-Phellandrene 992 980 n.d. 0.331 n.d. n.d. n.d. n.d.
19 3-Octanone 1011 962 2.001 n.d. n.d. n.d. n.d. n.d.
20 Benzene-1-methyl-2-(1-methylethyl) 1012 1039 n.d. 0.527 n.d. n.d. n.d. n.d.
21 1-Decene 1013 993 n.d. n.d. 1.385 n.d. n.d. n.d.
22 Eucalyptol 1018 1031 n.d. 0.769 n.d. n.d. n.d. n.d.
23 3-Octanol 1021 1020 3.296 n.d. n.d. n.d. n.d. n.d.
24 Trimethylpyrazine 1025 977 n.d. n.d. n.d. n.d. n.d. 0.166
25 3-Carene 1026 1015 0.334 n.d. n.d. n.d. n.d. n.d.
26 Benzene-1-methyl-3-(1-methylethyl) 1040 1031 n.d. n.d. 0.529 n.d. n.d. n.d.
27 D-Limonene 1043 1044 1.034 n.d. 17.245 n.d. n.d. n.d.
28 cis-Ocimene 1044 1053 n.d. n.d. n.d. n.d. 0.241 n.d.
29 Benzyl alcohol 1053 1050 1.019 n.d. n.d. n.d. n.d. n.d.
30 Benzeneacetaldehyde 1058 1048 0.512 n.d. n.d. n.d. n.d. n.d.
31 1-Octanol 1071 1072 n.d. n.d. n.d. 0.444 n.d. n.d.
32 2,4-Dimethyl-decane 1084 1086 n.d. n.d. 0.375 n.d. n.d. n.d.
33 1-Methyl-4-(1-methylethenyl)benzene 1090 1070 0.826 n.d. n.d. n.d. n.d. n.d.
34 Nonanal 1105 1128 0.439 n.d. n.d. n.d. 0.307 1.341
35 5-Methylundecane 1124 1159 n.d. n.d. 0.349 n.d. n.d. n.d.
36 Triisopropyl trioxane 1137 1138 n.d. n.d. n.d. 0.264 0.085 n.d.
37 1-Terpinen-4-ol 1165 1168 n.d. 0.243 n.d. n.d. n.d. n.d.
38 α-Terpineol 1172 1179 n.d. 0.166 n.d. n.d. n.d. n.d.
39 Eugenol 1177 1180 n.d. 34.18 n.d. n.d. 0.383 n.d.
40 1-Dodecene 1190 1192 n.d. n.d. 0.852 n.d. n.d. n.d.
41 Octyl acetate 1198 1199 n.d. n.d. n.d. 0.254 n.d. n.d.
42 2-Decenal 1269 1240 n.d. n.d. n.d. n.d. n.d. 0.428
43 2,4-Decadienal 1324 1270 0.38 n.d. n.d. n.d. n.d. n.d.
44 2-Undecenal 1368 1346 0.373 n.d. n.d. n.d. n.d. 0.445
45 α-Cubebene 1371 1370 n.d. n.d. n.d. n.d. 0.184 n.d.
46 Copaene 1373 1376 0.098 n.d. n.d. n.d. n.d. n.d.
47 Benzene-1,2-dimethoxy-4(2-propenyl) 1406 1410 n.d. 7.583 n.d. n.d. n.d. n.d.
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Summer Truffle (T. aestivum)
A total of 77 VOCs were identified in summer truffle
and in the six sauces analyzed (Table 4). Nineteen
VOCs were identified in the summer truffle of sample
13, and 20 were identified in the summer truffle of sam-
ple 14. Different numbers of VOCs were detected in
samples 15 (18 VOCs), 16 (26 VOCs), 17 (17 VOCs),
18 (25 VOCs), 19 (26 VOCs), and 20 (18 VOCs); in all
cases, the total percentage identified exceeded 80.85%.
The two samples of summer truffles analyzed differed
from each other. The major compounds detected in sam-
ple 13 were those belonging to the family of C8 com-
pounds such as 1-octen-3-ol (75.208%), 2-octenal
(6.897%), 3-octanol (3.581%), and 2-octenol (1.128%);
hexanal (1.654%) and 2-butanone (1.714) were also
found. The literature reports that high amounts of C8
compounds are characteristic of T. indicum (the Chinese
truffle) (Diaz et al. 2003; Culleré et al. 2010). Instead,
the percentage of hexanal must be due to lipidic oxida-
tion occurring during preservation of truffles at low tem-
perature. In sample 14, the major compounds detected
were 2-butanone (38.246%), 1-octen-3-ol (35.227%),
and 1,4-dimethylbenzene (7.193%). This truffle had an
intense aroma profile. In fact, as reported in the literature
(Diaz et al. 2003), high levels of DMS (1.042%) and 2-
butanone (38.246%) and low levels of 2-methylpropanal
(not detected), 2-methyl-1-butanol (1.354%), acetone (not
detected), and ethanol (not detected) are associated with
a positive unique aroma.
Comparison Between Truffle Sauces and Raw Truffle
(T. aestivum)
As mentioned above, a high number of VOCS were detected
in summer truffle sauces (Table 4). All these samples (from 15
to 20) were dominated by BMTM, ranging from 54.74% of
sample 16 to 77.691% of sample 18. Another compound de-
tected in all samples was DMS, present in low amounts, with a
range from 0.053% of sample 17 to 1.918% of sample 18.
Octane was present in all samples apart from sample 20
(from 0.122 to 0.603%), while 1-octen-3-ol was not detected
in sample 18. The latter was found in high amounts, ranging
from 1.977% of sample 20 to 8.338% of sample 17. D-
Limonene was found in five samples, ranging from 0.597 to
3.26, but not detected in sample 17. Also, nonanal, a minor
compound, was not detected in only one sample (20). Other
volatiles found in different sauces were 2-butanone, benzyl
alcohol 3-octanone and 2-decenal, present in 4 sauce samples.
The main differences between truffles and sauces were in
terms of BMTM, 1-octen-3-ol and octane. The first was pres-
ent in high amounts in the different sauces but not detected
(sample 13) or detected in a low amount (0.123% of sam-
ple14) in truffle. 1-octen-3-ol was very high in truffles
(35.227–75.208%) but low in sauces. Instead, octane was
not detected at all in truffles, but present in 5 out of 6 sauces
analyzed. Benzyl alcohol, benzaldehyde, and 2-decenal to-
gether with terpenoid compounds such as α-cubebene,
copaene, caryophyllene, α-caryophyllene, and α-farnesene
were present in most samples among truffle sauces, but not
detected at all in truffle samples.
Table 3 (continued)
No. Componenta Calc. RI Lit. RI Sample 7 Sample 8 Sample 9 Sample 10 Sample 11 Sample 12
Area value %b
48 Caryophyllene 1417 1421 0.275 3.829 n.d. n.d. 0.135 n.d.
49 Cadinene 1424 1425 n.d. 0.291 n.d. n.d. n.d. n.d.
50 α-Caryophyllene 1452 1453 n.d. 1.109 n.d. n.d. 0.016 n.d.
51 Alloaromadendrene 1460 1460 n.d. 0.361 n.d. n.d. n.d. n.d.
52 β-Selinene 1486 1486 n.d. 0.532 n.d. n.d. n.d. n.d.
53 α-Selinene 1495 1496 n.d. 0.673 n.d. n.d. n.d. n.d.
54 4-Methoxy-6-(2-propenyl)-1,3-benzodioxole 1521 1522 0.118 n.d. n.d. n.d. n.d. n.d.
55 Apiol 1681 1672 0.142 n.d. n.d. n.d. n.d. n.d.
56 Tributyl acetylcitrate – – n.d. n.d. n.d. n.d. n.d. 1.396
57 n-Hexadecanoic acid – – n.d. n.d. n.d. n.d. n.d. 0.489
58 Octadecanoic acid – – n.d. n.d. n.d. n.d. n.d. 2.42
Match quality range (%) 62–99 90–99 61–95 83–97 70–97 64–99
Number of identified compounds 22 15 10 7 14 11
Total identified (%) 91.28 97.18 51.32 99.71 77.24 88.52
n.d. indicates not detected (area value below 500)
a Compounds are listed in order of their calculated RI; percentage values are means of three determinations
b Relative standard deviations % ranged from 1.37 to 7.11%
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Table 4 Volatile components identified in Tuber aestivum products and related percentages of area values obtained using the PDMS/DVB/CAR fiber
in the HS-SPME-GC-MS analysis
No. Componenta Calc.
RI
Lit.
RI
Sample
13
Sample
14
Sample
15
Sample
16
Sample
17
Sample
18
Sample
19
Sample
20
Area value %b
1 Dimethylsulfide – – n.d. 1.042 0.558 0.673 0.053 1.918 0.347 0.539
2 2-Methylpropanal – – n.d. n.d. 0.159 n.d. n.d. n.d. n.d. n.d.
3 2-Butanone 607 605 1.714 38.246 0.766 1.523 n.d. 1.823 1.116 n.d.
4 Ethyl acetate 619 596 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 14.381
5 3-Methylbutanal 651 0.072 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
6 Acetic acid 654 594 n.d. n.d. n.d. 0.965 n.d. n.d. 0.594 n.d.
7 2-Methyl-1-butanol 739 726 n.d. 1.354 n.d. n.d. n.d. n.d. n.d. n.d.
8 Dimethyl disulfide 741 723 n.d. n.d. n.d. 0.593 n.d. n.d. 0.300 n.d.
9 Octane 796 800 n.d. n.d. 0.232 0.169 0.122 0.603 0.223 n.d.
10 Hexanal 801 804 1.654 n.d. n.d. 0.102 n.d. n.d. n.d. n.d.
11 2-Octene 804 803 n.d. n.d. n.d. n.d. 0.671 n.d. n.d. n.d.
12 Furfural 835 794 n.d. n.d. n.d. 4.358 n.d. n.d. n.d. n.d.
13 Diallyl sulfide 854 850 n.d. n.d. n.d. n.d. 0.432 n.d. n.d. n.d.
14 Ethylbenzene 859 860 n.d. 0.655 n.d. n.d. n.d. n.d. n.d. 0.398
15 2-Furanmethanol 862 826 n.d. n.d. n.d. n.d. n.d. 0.569 0.280 n.d.
16 1,4-Dimethylbenzene 866 865 n.d. 7.193 n.d. n.d. n.d. n.d. n.d. 1.878
17 Bis(methylthio)methane 889 889 n.d. 0.123 79.397 54.74 75.958 77.691 59.093 63.878
18 α-Pinene 939 941 n.d. n.d. 0.924 n.d. n.d. 0.108 n.d. n.d.
19 2-Heptenal 979 927 0.022 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
20 Benzaldehyde 980 979 n.d. n.d. 0.194 3.24 0.850 n.d. n.d. n.d.
21 1-Ethyl-2-methyl-benzene 981 988 n.d. 0.239 n.d. n.d. n.d. n.d. n.d. n.d.
22 1-Octen-3-ol 978 981 75.208 35.227 2.035 2.47 8.338 n.d. 3.587 1.977
23 Bicyclo(3,1,0)hexane,
4-methylene-1-(1-methylethyl)
989 980 n.d. n.d. 1.247 n.d. n.d. n.d. n.d. n.d.
24 2,2,4,6,6-Pentamethylheptane 1008 999 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.72
25 2-Pentylfuran 1013 997 n.d. n.d. n.d. n.d. 0.479 n.d. n.d. n.d.
26 Decane 1022 1000 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.143
27 3-Octanone 1012 963 0.421 1.706 0.193 1.734 n.d. 0.059 1.239 n.d.
28 β-Pinene 1014 972 n.d. n.d. n.d. n.d. n.d. n.d. 0.471 n.d.
29 α-Phellandrene 1022 993 n.d. n.d. n.d. n.d. n.d. 0.385 n.d. n.d.
30 3-Carene 1027 1015 n.d. n.d. n.d. n.d. n.d. 1.206 n.d. n.d.
31 3-Octanol 1031 985 3.581 4.036 n.d. 8.529 n.d. n.d. 8.432 n.d.
32 1-Methyl-3-(1-methylethyl)benzene 1043 1010 0.089 0.682 n.d. n.d. n.d. 0.135 n.d. n.d.
33 Bicylo(3,1,0)hexane,
4-methylene-1-(1-methylethyl)
1043 968 n.d. n.d. n.d. n.d. 0.289 n.d. n.d. n.d.
34 D-Limonene 1043 1044 0.443 n.d. 3.26 0.812 n.d. 1.585 0.597 1.872
35 2-Ethyl-1-hexanol 1052 1052 0.096 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
36 Benzyl alcohol 1054 1055 n.d. n.d. n.d. n.d. 3.549 1.124 0.469 1.051
37 Benzeneacetaldehyde 1059 1048 n.d. 0.193 n.d. 0.639 n.d. n.d. 0.257 n.d.
38 1,4-Cyclohexadiene,
1-methyl-4-(1-methylethyl)
1068 1066 n.d. n.d. 0.139 n.d. n.d. n.d. n.d. n.d.
39 2-Octenal 1073 1074 6.897 0.272 n.d. n.d. n.d. n.d. n.d. n.d.
40 Acetophenone 1075 1049 n.d. 1.069 n.d. n.d. n.d. n.d. n.d. n.d.
41 Diallyl disulfide 1082 1082 n.d. n.d. 0.063 n.d. n.d. n.d. n.d. n.d.
42 2-Octenol 1082 1039 1.128 n.d. n.d. n.d. n.d. n.d. 0.303 n.d.
43 1-Octanol 1084 1054 n.d. 0.407 n.d. n.d. 0.438 n.d. 0.070 n.d.
44 Benzene,
1-methyl-4-(1-methylethyl)
1090 1090 n.d. n.d. 0.14 n.d. n.d. 0.065 n.d. n.d.
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PCA
PCA of volatile constituents in 20 truffle-based samples showed
that they are clustered in three different groups. This clustering
was not correlated to either the Tuber species used to obtain the
final product or the food matrix in which they were incorporated
(e.g., vegetal oil, sauce etc.). The 2D graphical representation of
PCA is reported in Fig. 1 and represents 75.04% of the total
variance in the data set. The variability of data was generated
mostly by the content of bis(methylthio)methane (values of
Table 4 (continued)
No. Componenta Calc.
RI
Lit.
RI
Sample
13
Sample
14
Sample
15
Sample
16
Sample
17
Sample
18
Sample
19
Sample
20
Area value %b
45 2-Nonanone 1096 1074 n.d. n.d. n.d. n.d. n.d. n.d. 0.130 n.d.
46 Undecane 1099 1100 n.d. n.d. n.d. 0.079 n.d. n.d. n.d. 0.463
47 Nonanal 1105 1128 0.169 n.d. 0.525 1.52 0.061 0.203 0.809 n.d.
48 Phenylethyl alcohol 1113 1082 n.d. 0.703 n.d. n.d. n.d. 0.105 0.026 n.d.
49 2,6-Dimethyl-1,3,5,7-octatetraene 1128 1134 n.d. n.d. n.d. n.d. 0.690 n.d. n.d. n.d.
50 2,4-Dimethylphenol 1155 1148 n.d. 0.929 n.d. n.d. n.d. n.d. n.d. n.d.
51 1-Nonanol 1175 1149 n.d. n.d. n.d. n.d. n.d. 0.174 n.d. n.d.
52 Dodecane 1198 1200 0.135 n.d. n.d. n.d. n.d. n.d. 0.033 0.495
53 Octylester-acetic acid 1215 1211 n.d. n.d. n.d. n.d. n.d. 0.192 n.d. n.d.
54 1-Undecanol 1225 1255 n.d. n.d. n.d. n.d. 0.319 n.d. n.d. n.d.
55 2-Decenal 1268 1240 n.d. n.d. n.d. 0.689 0.159 0.631 0.183 n.d.
56 2-Undecanol 1283 1255 n.d. n.d. n.d. 0.146 n.d. n.d. n.d. n.d.
57 4-Methyl-5-thiazoleethanol 1290 1247 n.d. n.d. n.d. 0.146 n.d. n.d. 0.263 n.d.
58 2,4-Decadienal 1291 1291 n.d. n.d. n.d. 2.492 0.130 n.d. 0.273 n.d.
59 Nonanoic acid 1295 1268 n.d. 0.045 n.d. n.d. n.d. n.d. n.d. n.d.
60 Undecanone 1304 1302 0.062 0.182 n.d. n.d. n.d. n.d. n.d. n.d.
61 Nonylester acetic acid 1322 1300 n.d. n.d. n.d. n.d. n.d. 0.039 n.d. n.d.
62 4-Ethenyl-4-methyl-
3-(1-methylethenyl)-cyclohexane
1340 1334 n.d. n.d. n.d. n.d. n.d. 0.395 n.d. n.d.
63 2-Undecenal 1368 1346 n.d. n.d. n.d. 0.229 n.d. n.d. n.d. n.d.
64 α-Cubebene 1372 1370 n.d. n.d. 0.239 n.d. n.d. n.d. n.d. n.d.
65 Copaene 1373 1376 n.d. n.d. n.d. 0.081 n.d. 0.163 0.086 n.d.
66 Tetradecane 1398 1400 0.341 n.d. n.d. 0.288 n.d. n.d. n.d. 0.977
67 Caryophyllene 1411 1421 n.d. n.d. 1.224 n.d. n.d. 2.231 n.d. 0.148
68 α-Caryophyllene 1447 1453 n.d. n.d. n.d. n.d. n.d. 0.075 n.d. n.d.
69 2-Dodecenal 1449 1449 n.d. n.d. n.d. n.d. 0.362 n.d. n.d. n.d.
70 Pentadecane 1500 1500 0.243 n.d. n.d. 0.244 n.d. n.d. n.d. 1.097
71 α-Farnesene 1509 1499 n.d. n.d. n.d. n.d. n.d. 1.223 0.248 n.d.
72 4-Methoxy-6-(2-propenyl)-
1,3-benzodioxide
1521 1516 n.d. n.d. n.d. n.d. n.d. 0.123 n.d. n.d.
73 Hexadecane 1599 1600 0.351 n.d. n.d. 0.563 n.d. n.d. n.d. 2.934
74 Heptadecane 1700 1700 0.04 n.d. n.d. 0.243 n.d. n.d. n.d. 1.478
75 Octadecane 1799 1800 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.508
76 Bis(2-methylpropyl)ester-
1,2-benzenedicarboxylic acid
– – n.d. 1.887 n.d. n.d. n.d. n.d. n.d. n.d.
77 Dibuthylphtalate – – n.d. 0.292 n.d. n.d. n.d. n.d. n.d. n.d.
Match quality range (%) 70–97 64–96 60–97 64–94 65–97 74–98 76–97 60–97
Number of identified compounds 19 21 19 27 17 25 26 19
Total identified (%) 92.66 96.90 91.48 87.70 92.85 92.83 79.76 95.93
n.d. indicates not detected (area value below 500)
a Compounds are listed in order of their calculated RI; percentage values are means of three determinations
b Relative standard deviations % ranged from 2.27 to 6.86%
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eigenvectors −33.83, 0.47) in the first PC and by 1-octen-3-ol
(values of eigenvectors 8.68, −15.91) and, to a minor extent, by
3-methyl-1-butanol (values of eigenvectors 6.87, 10.10) and
dimethylsulfide (values of eigenvectors 9.42, 9.13) in the second
PC (Fig. 1b). Samples on the left hand side and upper right side
of the score plot included natural and artificial oils and sauces
made with different Tuber species (i.e. T. magnatum,
T. melanosporum, and T. aestivum). They formed two distinctive
clusters characterized by high levels of bis(methylthio)methane,
and 3-methyl-1-butanol, and dimethylsulfide, respectively
(Fig. 1a). Therefore, the analysis of volatile components did
not permit in this case to differentiate the origin and processing
of truffle-based food products. On the other hand, samples on the
lower right hand side of the PCA score plot (Fig. 1a) included
two real truffles obtained from T. aestivum (samples 13 and 14)
which were characterized mainly by the mushroom-like alcohol
1-octen-3-ol. Therefore, from this study, only 1-octen-3-ol ap-
pears to be a chemical marker differentiating T. aestivum with
respect to the other species.
This study compared the volatile organic compounds of
raw truffles and their respective oils or sauces, and PCA
analysis confirmed that there are no striking similarities
between the two for a given species. The misuse of
bis(methylthio)methane in black and summer truffle prod-
ucts was highlighted too. In fact, BMTM was not detected
or detected in low amounts in black truffles but was very
high in sauces (59.74–77.691%); instead, 1-octen-3-ol
was high in truffles (35.227–75.208%) but low in sauces.
Along the same lines, terpenoid compounds such as α-
cubebene, copaene, caryophyllene, α-caryophyllene, and
α-farnesene were not detected at all in T. aestivum raw
truffle but were present in most truffle sauces.
Thanks to studies like this, we hope that flavoring compa-
nies will be able to produce good mimics of specific truffle
aromas at a lower cost to the public. As instrumentation de-
velops, it is probable that more VOCs will be detected. A
promising avenue for further studies could be assessment of
human perception of the aromas.
Acknowledgements The authors would like to thank Sheila Beatty for
her editing of the English usage in the manuscript and Urbani Tartufi S.r.l.
(Sant’Anatolia di Narco, Perugia, Italy) for economic support.
Compliance with Ethical Standards
Funding Funding information is not available.
Conflict of Interest Elisabetta Torregiani declares that she has no con-
flict of interest. Sophie Lorier declares that she has no conflict of interest.
Gianni Sagratini declares that he has no conflict of interest. FilippoMaggi
declares that he has no conflict of interest. Sauro Vittori declares that he
has no conflict of interest. Giovanni Caprioli declares that he has no
conflict of interest.
Ethical Approval This article does not contain any studies with human
participants or animals performed by any of the authors.
Informed Consent Not applicable.
References
Bellesia F, Pinetti A, Bianchi A, Tirillini B (1996) Volatile compounds of
white truffle (T. magnatum Pico) from middle Italy. Flavour Frag J
11:239–243
       1
       2
       3
       4
       5
       6
       7
       8
       9
      10
      11      12
      13
      14
      15       16
      17
      18
      19      20
-80 -60 -40 -20 0 20 40 60 80
PC  1: 56,42%
-100
-80
-60
-40
-20
0
20
40
60
80
%
2
6,
8
1
:
2
C
P
 Var2 Var3
 2-Butanone
5 Var6 r78
3-Methyl-1-butanol
10 r11a 2314 Var 56
 Var1792 r 45 Var28
methylthio)methane 3Benzaldehyde
1-Octen-3-ol
 Var36
8
 Var40
4 V 7554
 Var55
806
 r6
78
 Var83
9 r99 r 01236753
-40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15
PC  1 : 56,42%
-40
-35
-30
-25
-20
-15
-10
-5
0
5
10
15
%
2
6,
8
1
:
2
C
P
 Dimethylsulfid
Fig. 1 a Score plot (PCA) for main variation of volatiles among 20
truffle-based commercial samples. b The PCA loading plot for volatile
constituents which explains 56.42% of the variation on horizontal axis
(PC 1) and 18.62% on the vertical axis (PC 2). Samples are represented
by numbers corresponding to those reported in Table 1
Food Anal. Methods
Bellesia F, Pinetti A, Bianchi A, Tirillini B (1998) Volatile organic com-
pounds of black truffle (T. melanosporum Vitt.) from middle Italy.
Flavour Frag J 13:56–58
Culleré L, Ferreira V, Chevret B et al (2010) Characterisation of aroma
active compounds in black truffles (Tuber melanosporum) and sum-
mer truffles (Tuber aestivum) by gas chromatography-olfactometry.
Food Chem 122:300–306
Diaz P, Señorans FJ, Reglero G, Ibañez E (2002) Truffle aromas analysis
by headspace solid phase microextraction. J Agr Food Chem 50:
6468–6472
Diaz P, Ibañez E, Señorans FJ, Reglero G (2003) Truffle aroma charac-
terisation by headspace solid phase microextraction. J Chromatogr
A 1017:207–214
DIRECTIVE 2000/13/EC OF THE EUROPEAN PARLIAMENTAND
OF THE COUNCIL of 20 March 2000 on the approximation of the
laws of the Member States relating to the labelling, presentation and
advertising of foodstuffs. Official Journal of the European
Communities L109: 29–42. Last accessed online 19/12/2014 at
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=
CELEX:32000L0013&from=EN
Gioacchini A, Menotta M, Bertini L et al (2005) Solid-phase
microextraction gas chromatography/mass spectrometry: a new
method for species identification of truffles. Rapid Commun Mass
Sp 19:2365–2370
Gioacchini A, Menotta M, Guescini M et al (2008) Geographical trace-
ability of Italian white truffle (T. magnatum Pico) by analysis of
volatile organic compounds. Rapid Commun Mass Sp 22:3147–
3153
International Organisation of the Flavour Industry (2012) IOFI Code of
Practice version 1.3. Last accessed online on 19/12/2014 at
http://www.iofi.org/Home/Code-of-Practice/IOFI-Code-of-
Practice/page.aspx/103
Kataoka H, Lord HL, Pawliszyn J (2000) Applications of solid-phase
microextraction in food analysis. J Chromatogr A 880:35–62
Kitson FG, Larsen BS, McEwen CN (1996) Gas chromatography and
mass spectrometry: a practical guide. Academic, San Diego, pp. 3-
35–325-365 Chapters 1 & 4
March R, Richards D, Ryan R (2006) Volatile compounds from six spe-
cies of truffle—head-space analysis and vapor analysis at high mass
resolution. In J Mass Spectrom 249:60–67
NIST 08 (2008) Mass spectral library (NIST/EPA/NIH). Gaithersburg,
MD, National Institute of Standards and Technology.
Pacioni G, Cerretani L, Procida G, Cichelli A (2014) Composition of
commercial truffle flavoured oils with GC-MS analysis and discrim-
ination with an electronic nose. Food Chem 146:30–35
REGULATION (EC) No 1334/2008 OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL of 16 December 2008
on flavourings and certain food ingredients with flavouring proper-
ties for use in and on foods and amending Council Regulation (EEC)
No 1601/91, Regulations (EC) No 2232/96 and (EC) No 110/2008
and Directive 2000/13/EC. Official Journal of the European
Communities L354: 34–50. Last accessed online 19/12/2014 at
h t t p : / / www. e f f a . e u /m e d i a / p a g e s / 2 1 / 5 0 6 / F L 0 9 0 5
Regulation13342008EPCouncilFlavourings31122008.pdf
REGULATION (EU) No 1169/2011 OF THE EUROPEAN
PARLIAMENTAND OF THE COUNCIL of 25 October 2011 on
the provision of food information to consumers, amending
Regulations (EC) No 1924/2006 and (EC) No 1925/2006 of the
European Parliament and of the Council, and repealing
Commission Directive 87/250/EEC, Council Directive 90/496/
EEC, Commission Directive 1999/10/EC, Directive 2000/13/EC
of the European Parliament and of the Council, Commission
Directives 2002/67/EC and 2008/5/EC and Commission
Regulation (EC) No 608/2004. Official Journal of the European
Union L304: 18–63. Last accessed online on 19/12/2014 at
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011
:304:0018:0063:EN:PDF
Rizzello R, Zampieri E, Vizzini A et al (2012) Authentication of prized
white and black truffles in processed products using quantitative
real-time PCR. Food Res Int 48:792–797
Splivallo R, Ottonello S, Mello A, Karlovsky P (2010) Truffle volatiles:
from chemical ecology to aroma biosynthesis. New Phytol 189:
688–699
Wang S, Marcone MF (2011) Biochemical and biological properties of
the world’ most expensive underground edible mushroom: truffles.
Food Res Int 44:2567–2581
Food Anal. Methods
